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Edited by Felix WielandAbstract The thiol oxidase Erv1 and the redox-regulated recep-
tor Mia40/Tim40 are components of a disulﬁde relay system
which mediates import of proteins into the intermembrane space
(IMS) of mitochondria. Here we report that Erv1 requires
Mia40 for its import into mitochondria. After passage across
the translocase of the mitochondrial outer membrane Erv1 inter-
acts via disulﬁde bonds with Mia40. Erv1 does not contain twin
‘‘CX3C’’ or twin ‘‘CX9C’’ motifs which are crucial for import of
typical substrates of this pathway and it does not need two
‘‘CX2C’’ motifs for import into mitochondria. Thus, Erv1 repre-
sents an unusual type of substrate of the Mia40-dependent im-
port pathway.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: Protein import; Mia40-import pathway; Sulfhydryl
oxidase Erv1; Mitochondria; Disulﬁde bond1. Introduction
The biogenesis of all intermembrane space (IMS) proteins of
mitochondria requires import into mitochondria after their
synthesis in the cytosol of the cell. Mechanistically distinct
import pathways have been described for diﬀerent classes of
IMS proteins [1]. Some IMS proteins follow the general import
pathway of precursor proteins destined to the matrix space of
mitochondria prior to their proteolytic release into the IMS [2–
5]. These IMS proteins are characterized by the presence of an
amino-terminal bipartite presequence that consists of a matrix
targeting signal and a hydrophobic sorting signal. They em-
ploy the translocase of the outer membrane (TOM) and the
preprotein translocase of the inner membrane (TIM23 com-
plex) for their membrane potential (DW) and ATP-dependent
transport into mitochondria.
Substrates of a second IMS import pathway, such as the
members of the small TIM protein family and the copper chap-Abbreviations: IMS, intermembrane space; DW, membrane potential;
FAD, ﬂavine adenine dinucleotide; NEM, N-ethylmaleimide; DTT,
dithiothreitol; PK, proteinase K
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doi:10.1016/j.febslet.2007.02.014erone Cox17, lack presequences and have a low molecular mass
in the range of 8–17 kDa [1,6–8]. In addition, they are charac-
terized by the presence of conserved cysteine residues which are
organized as a twin ‘‘CX3C’’ or a twin ‘‘CX9C’’ motif (X repre-
sents non-cysteine amino acid residues). These cysteine residues
are crucial for import of the preproteins into the IMS [9,10].
After passage through the pore of the TOM complex the prep-
roteins interact via disulﬁde bonds with Mia40, the central
component of the Mia40-dependent import pathway [11–13].
Together with the thiol oxidase Erv1, another component
essential for the import and assembly of small IMS proteins,
Mia40 forms a disulﬁde relay system [14–16]. According to
the suggested model Mia40 mediates formation of disulﬁde
bonds in the imported substrate proteins and thus triggers their
folding [15]. The initial state of Mia40 is then restored by reox-
idation, catalyzed by the sulfhydryl oxidase Erv1.
In yeast, Erv1 is a 22 kDa protein of the IMS [17,18]. Like
members of the class of ERV/ALR oxidases, Erv1 consists of
a ﬂexible tail region containing a ‘‘CX2C’’ motif and a highly
conserved ﬂavine adenine dinucleotide (FAD) binding domain
which contains a redox-active ‘‘CX2C’’ motif close to the
bound FAD and a structural ‘‘CX16C’’-disulﬁde [18–20].
Import of the Erv1 precursor protein into mitochondria is
aﬀected in a temperature sensitive mutant of Mia40 [8]. Using
a strain in which Mia40 expression can be regulated we show
here that the Erv1 precursor protein requires Mia40 for its
import into the IMS. Despite the lack of a ‘‘twin CX3C’’-
and a ‘‘twin CX9C’’ motif the imported Erv1 interacts with
Mia40 via disulﬁde bonds. Thus, Erv1 represents a substrate
of the Mia40-dependent translocation pathway.2. Materials and methods
2.1. Plasmids and strains
Wild type strains D273-10b, W303 and YPH499 were used. For reg-
ulated expression of Mia40 and Tim23, a GAL10 promoter was in-
serted upstream of the MIA40 or TIM23 reading frame in the wild
type strain YPH499. These strains were grown in liquid lactate med-
ium in the presence of 0.1% glucose or 0.5% galactose in order to re-
press or induce the GAL10 promoter. The cysteine-to-serine mutants
of Erv1 were generated by site directed mutagenesis with the plasmids
pGEM3-Erv1 and pGEM4-Erv1 as templates using the QuikChange
Site-Directed Mutagenesis Kit (Stratagene).
2.2. Protein import into isolated mitochondria
Import in vitro into mitochondria was performed essentially as de-
scribed and radiolabeled proteins were detected by autoradiography
and quantiﬁed using a Pharmacia Image Scanner [10].blished by Elsevier B.V. All rights reserved.
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bated for 10 min at 25 C in the presence of 50 mM N-ethylmaleimide
(NEM), which was afterwards quenched by adding 50 mM DTT. As a
control, 50 mMNEM was incubated with 50 mMDTT for 5 min prior
to addition to the radiolabeled proteins.
2.3. Miscellaneous
The following procedures were applied as published: isolation of
mitochondria [10] and immunoprecipitation [15].3. Results
3.1. Import of Erv1 into isolated mitochondria
In order to study the mechanism of import of Erv1 into
mitochondria radiolabeled Erv1 was incubated with mitochon-A B
C D
Fig. 1. Import of Erv1 into the IMS of mitochondria does not depend on the
incubated for 15 min with isolated mitochondria. Mitochondria and mitoplas
proteinase K (PK). Samples were analyzed by SDS–PAGE and autoradiograp
and the inner membrane (Tim50) were detected by immunoblotting to control
were present as two forms which probably reﬂect two start methionines. (B)
mitochondria in the presence of various amounts of recombinant pSu9(1–69)D
of imported radiolabeled precursor proteins were expressed as percentage o
Quantiﬁcations reﬂect the sum of both forms of Erv1. (C) Mitochondria we
NADH (2 mM), or apyrase (10 mU/ll) and oligomycin (10 lM) to deplete
(DW) prior to incubation with pErv1 or pSu9(1–69)DHFR precursor pro
resulting in its intermediate (i) and mature forms (m). (D) Mitochondria isol
cells were incubated with pErv1 for the indicated time periods. The amount o
set to 100%.dria isolated from yeast cells. Erv1 became associated with the
mitochondria and a fraction of it was protected against diges-
tion with proteinase K (PK) indicating that the precursor pro-
tein was translocated into mitochondria (Fig. 1A). Upon
opening of the outer membrane the precursor protein re-
mained associated with mitoplasts, but became accessible to
PK. Imported Erv1 precursor protein behaved like endoge-
nous Erv1. Both proteins were located in the IMS and associ-
ated with mitochondrial membranes, as previously reported
for endogenous Erv1 [17]. We conclude that the imported pro-
tein was sorted to its correct location. Thus the import path-
way of Erv1 can be studied in an in vitro assay.
To test whether Erv1 employs the translocases of the general
translocation pathway we analyzed its import in the presence of
increasing chemical amounts of a non-radiolabeled precursorTIM23 complex. (A) Radiolabeled Erv1 precursor protein (pErv1) was
ts prepared by hypoosmotic treatment were incubated with or without
hy. Endogenous Erv1 and marker proteins for the matrix space (Hep1)
the subfractionation of mitochondria. Endogenous and imported Erv1
pErv1 or pSu9(1–69)DHFR precursor were incubated for 10 min with
HFR* precursor protein. Samples were analyzed as in A. The amounts
f imported protein in the absence of recombinant pSu9(1–69)DHFR*.
re preincubated for 10 min in the presence of either ATP (2 mM) and
mitochondrial ATP (ATP), or valinomycin (1 lM) to dissipate DW
teins. The precursor protein pSu9(1–69) DHFR was processed twice
ated form cells depleted of Tim23 (Tim23ﬂ) and from wild type (WT)
f pErv1 imported into WT mitochondria at the longest time point was
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pSu9(1–69)DHFR, consists of the ﬁrst 69 amino acid residues
of the subunit 9 of the F1F0-ATPase fused to mouse dihydrofo-
late reductase. Like the transport of the matrix-directed precur-
sor protein pSu9(1–69)DHFR, translocation of Erv1 into
mitochondria was competed by micromolar concentrations of
recombinant pSu9(1–69)DHFR* (Fig. 1B). The observed com-
petition between Erv1 and pSu9(1–69)DHFR* indicates that
the translocation process of Erv1 has steps in common with
the general import pathway of mitochondrial matrix proteins.
Depletion of DW or ATP did not aﬀect the import of Erv1
(Fig. 1C). In contrast, the import eﬃciency of the matrix pre-
protein pSu9(1–69)DHFR was strongly reduced. Thus, the en-
ergy sources used by the TIM23 complex to drive translocation
are not required for import of Erv1. Mitochondria isolated
from cells which were depleted of Tim23 imported Erv1 as eﬃ-
ciently as wild type mitochondria (Fig. 1D). In summary, the
Erv1 precursor protein does not use the TIM23 complex.
However, it shares steps with matrix-targeted proteins and
competes with them for import, most likely at the level of
the TOM complex.Fig. 2. Mia40 is required for the import of Erv1. (A, B) Mitochondria3.2. Import of Erv1 into mitochondria is dependent on Mia40
In order to analyze whether Mia40 plays a role in the trans-
location of Erv1, we imported radiolabeled Erv1 precursor
into mitochondria isolated from cells with altered levels of
Mia40. In these cells the MIA40 ORF was under control of
the GAL10 promoter and the levels of Mia40 protein were
down-regulated upon growth of the cells in the presence of glu-
cose. A strongly reduced import eﬃciency of Erv1 precursor
was observed in mitochondria with reduced amounts of
Mia40 compared to wild type mitochondria (Fig. 2A). On
the other hand, import was strongly increased in mitochondria
from cells grown in the presence of galactose and thus having
enhanced levels of Mia40 (Fig. 2B). These results demonstrate
that the Erv1 precursor protein follows the Mia40-dependent
import pathway upon its translocation into the IMS.
Data obtained in vivo support this further. As observed for
known substrates of the Mia40 import pathway, such as
Tim13, Tim10 and Cox17, the levels of endogenous Erv1 were
strongly reduced in mitochondria from cells virtually depleted
of Mia40 (Fig. 2C). In summary, the data indicate that Mia40
is required for the import of Erv1 into the IMS ofmitochondria.isolated from cells with reduced amounts of Mia40 (Mia40ﬂ), cells
overexpressing Mia40 (Mia40›) and from corresponding WT
cells were incubated for the indicated time periods with pErv1. All
cells contain similar levels of endogenous Erv1. The amounts of
imported Erv1 were analyzed by autoradiography and densitometry.
The maximal value per experiment was set to 100%. (C) Levels of
mitochondrial proteins were analyzed by SDS–PAGE and immuno-
blotting of mitochondria prepared from cells depleted of Mia40 for
16 h (Mia40ﬂﬂ) and WT cells. For control, marker proteins for the
matrix space (Aco1, Mge1, Tim44), the inner membrane (Oxa1, ADP/
ATP carrier AAC, Tim23) and the outer membrane (Tom40) were
tested. Cytochrome c heme lyase (CCHL) and cytochrome b2 (Cyt b2)
are proteins of the intermembrane space which are not substrates of
Mia40.3.3. Imported Erv1 interacts covalently with Mia40
In order to test the role of free thiols present in the Erv1 pre-
cursor for its import Erv1 precursor protein was treated with
the thiol-modifying reagent NEM prior to import. As observed
for Tim13, translocation of Erv1 into mitochondria was inhib-
ited by the modiﬁcation of its thiols (Fig. 3A). The thiols do
not have to be present in a twin ‘‘CX2C’’ motif, since the cys-
teine-to-serine mutants Erv1 C30S and Erv1 C30,33S in the
tail ‘‘CX2C’’ motif and Erv1 C133S in the core ‘‘CX2C’’ motif
were imported into mitochondria with similar eﬃciencies as
wild type Erv1 (Fig. 3B).
We analyzed the eﬀect of the presence of the reducing agent
dithiothreitol (DTT) during the incubation of the Erv1 precur-
sor protein with isolated mitochondria. Import of pErv1 was
sensitive towards reducing agents in contrast to the control
preprotein pSu9(1–69)DHFR (Fig. 3C). Low concentrations
of DTT stimulated the import eﬃciency of Erv1, whereas high-er concentrations of DTT decreased it. This sensitivity to
reducing agents and the need of free thiols in Erv1 may point





Fig. 3. Formation of disulﬁde bonds between Mia40 and Erv1 is important for the import of Erv1. (A) Radiolabeled precursor proteins of Erv1,
Tim13 and pSu9(1–69)DHFR were modiﬁed by N-ethylmaleimide (+NEM) or mock-treated for control (NEM). They were then incubated with
mitochondria. Imported precursor proteins were analysed by SDS–PAGE and autoradiography. (B) The indicated cysteine-to-serine mutants of
pErv1 were imported into Mia40›mitochondria for 20 min. The import eﬃciency of wild type Erv1 was set to 100% and the eﬃciencies of the mutant
proteins were expressed as percentage of WT. The averages of four independent experiments are shown. (C) pErv1 and pSu9(1–69)DHFR were
incubated with isolated WT mitochondria in the presence of the indicated concentrations of DTT. Samples were analyzed as in Fig. 2A. The maximal
amounts of imported preproteins were set to 100%. (D). Mitochondria were incubated with pErv1 for 10 min. They were lysed with 1% sodium
dodecylsulfate. Triton X-100 containing buﬀer was added and samples were subjected to immunoprecipitation with antibodies against Mia40 (a
Mia40) or with preimmune serum (PI). Samples were analyzed by SDS–PAGE with and without b-mercaptoethanol (b-ME) and autoradiography.
Total, 5% of the material used for the immunoprecipitations.
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chondria. Following lysis of mitochondria extracts were sub-
jected to immunoprecipitation with antibodies against Mia40
and analysed by non-reducing SDS–PAGE. An adduct of
Mia40 and imported Erv1 was detected in the precipitated
material (Fig. 3D). When the precipitated material was dis-
solved in sample buﬀer containing b-mercaptoethanol, mono-
meric Erv1 was released from the Mia40-Erv1 adduct. This
adduct presumably represents an intermediate in the import
reaction, since its level was decreased upon further incubationwith recombinant non-radiolabeled Erv1 (data not shown). In
summary, Mia40 forms disulﬁde bonds with imported Erv1
and thus is directly involved in the import of Erv1.4. Discussion
We report here on the biogenesis of the essential thiol oxi-
dase Erv1, a component of the Mia40-dependent translocation
pathway of IMS proteins. We show that the Erv1 precursor
1102 N. Terziyska et al. / FEBS Letters 581 (2007) 1098–1102protein interacts with Mia40 via disulﬁde bonds in the IMS.
Mia40 is required for the import of the Erv1 precursor into
the IMS of mitochondria.
Erv1 does not have a twin ‘‘CX3C’’ motif or a twin ‘‘CX9C’’
motif and a molecular mass of less than 17 kDa. Our results
suggest that proteins lacking a twin ‘‘CXnC’’ motif can be sub-
strates of the Mia40-dependent pathway. Consistently a mu-
tant strain harbouring the Erv1 C30S variant of the ﬁrst
‘‘CX2C’’ motif is viable and thus this Erv1 protein must be
present in the IMS of mitochondria [18]. In line with a recent
report the results presented here demonstrate the capability of
this pathway to import larger proteins and to import proteins
lacking a twin ‘‘CX3C’’ motif and a ‘‘CX9C’’ motif [8].
Substrates known so far consist of one domain with a simple
fold. Oxidative folding of these proteins has been suggested to
trigger their import [9,15]. For example, in Tim10 and Cox17
two helices are stabilized by two interhelical disulﬁde bonds
between the cysteines of the distal ‘‘CX3C’’ motifs and
‘‘CX9C’’ motifs, respectively [21–23]. Members of the ERV/
ALR family consist of a ﬂexible tail and a catalytic core do-
main with complex fold. Cysteine residues of the ‘‘CX2C’’ mo-
tifs are involved in electron transfer and most likely not in
stabilization of the protein [20]. Possibly, the mechanisms of
import of Erv1 by the Mia40-dependent pathway are diﬀerent
from those of substrates with twin ‘‘CX3C’’ and twin ‘‘CX9C’’
motifs.
The central component of the Mia40 dependent transloca-
tion pathway, Mia40, is synthesized in yeast with a presequence
and is imported via the general import pathway [11–13]. The
small IMS protein cytochrome c which might play a role in
the disulﬁde relay system is also not transported in a Mia40
dependent manner [13,14]. Thus, so far Erv1 is the only compo-
nent of the Mia40 dependent translocation pathway which uses
Mia40 and preexisting Erv1 for its import. In higher eukary-
otes, on the other hand, Mia40 homologues do not contain pre-
sequences and are much smaller in size. Due to the presence of
twin ‘‘CX9C’’ motifs these Mia40 proteins likely represent sub-
strates of the Mia40-dependent import pathway.
In summary, the Mia40 import pathway has a broader spec-
trum of substrates than previously expected. Furthermore, it
has the ability to import at least one of its components.
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